The baseline flowsheet for low activity waste (LAW) in the Hanford River Protection Project (RPP) Waste Treatment Plant (WTP) includes pretreatment of supernatant by removing cesium using ion exchange. When the ion exchange column is loaded, the cesium will be eluted with a 0.5M nitric acid (HNO 3 ) solution to allow the column to be conditioned for re-use. The cesium eluate solution will then be concentrated in a vacuum evaporator to minimize storage volume and to recycle HNO 3 .
ABSTRACT
The baseline flowsheet for low activity waste (LAW) in the Hanford River Protection Project (RPP) Waste Treatment Plant (WTP) includes pretreatment of supernatant by removing cesium using ion exchange. When the ion exchange column is loaded, the cesium will be eluted with a 0.5M nitric acid (HNO 3 ) solution to allow the column to be conditioned for re-use. The cesium eluate solution will then be concentrated in a vacuum evaporator to minimize storage volume and to recycle HNO 3 .
A fundamental element of predicting evaporator product solubility is to collect data that will cover the evaporator behavior for a range of conditions up to and including precipitation. Of central importance is identifying the effect of varying feed components on overall solubility. A systematic plan was developed and carried out to collect the fundamental data necessary to predict solubility and physical property behavior for the RPP cesium eluate evaporator.
A large body of experimental data was collected at 20-22 o C and 52-55 o C for the cesium eluate evaporation system that will help confirm and supplement ongoing modeling activities. The results show that linear models do a very good job predicting solution density over a wide range of acid and dissolved salt concentrations with typical calculation errors on the order of 1-3%. The behavior of heat capacity, thermal conductivity, and viscosity as a linear function of dissolved salt and acid content show more scatter in the data.
Linear models using the [20] [21] [22] o C data do a good job of predicting solution solubility at room temperature over a calculated acid concentration range of 2.0 to 4.5 moles per liter. Linear models account for 84% of the variability in solubility as a function of changes in the individual component concentrations and yield typical calculation errors are on the order of 1-4%. Linear models developed with 52-55 o C data do not do a good job of predicting room temperature solubility behavior. The agreement between calculated and measured values is typically off by 10-20%. Analyses of precipitates from solubility testing show that sodium nitrate is always the dominant solid (>98%) and almost always the only detectable solid.
The effects of several organic compounds on solubility were tested; the selection of the organic compounds is discussed in an earlier report (WSRC-TR-2001-00594) . The presence of oxalate, DBP, and EDTA all exhibited significant negative effects on salt solubility. The addition of 500 mg/L oxalate into a statistically designed salt matrix reduced the total amount of matrix dissolved by 50% for both 3M and 5M HNO 3 . The presence of 500 mg/L EDTA reduced solubility of the same matrix by 24% in 3M HNO 3 and by 42% in 5M HNO 3 . Similarly, DBP readily precipitates from solution when the same solid matrix is dissolved into the liquid. The presence of 350-700 mg/L DBP in the liquid into which the salt matrix is dissolved reduces solubility by more than 95% for both 3M and 5M HNO 3 experiments.
INTRODUCTION
The baseline flowsheet for low activity waste (LAW) in the Hanford River Protection Project (RPP) Waste Treatment Plant (WTP) includes pretreatment of supernatant by removing cesium using ion exchange. When the ion exchange column is loaded, the cesium will be eluted with a 0.5M nitric acid (HNO 3 ) solution to allow the column to be conditioned for re-use. The cesium eluate solution will then be concentrated in a vacuum evaporator to minimize storage volume and recycle HNO 3 . To prevent the formation of solids during storage of the evaporator bottoms, criteria have been set for limiting the concentration of the evaporator product to 80% of saturation at 25 o C.
A fundamental element of predicting evaporator product solubility is to collect data that can be used to estimate key operating parameters. The data must be able to predict evaporator behavior for a range of eluate concentrations that are evaporated to the point of precipitation. Parameters that were selected for modeling include solubility, density, viscosity, thermal conductivity, and heat capacity.
Of central importance is identifying the effect of varying feed components on overall solubility. 
SUMMARY OF TESTING
A systematic plan was developed and carried out to collect the fundamental data necessary to predict solubility and physical property behavior for the RPP cesium eluate evaporator. . The other 10 compositions were determined from a statistically generated matrix.
2 One of the mixtures was also prepared with varying concentrations of oxalate, DBP (dibutylphosphate) and EDTA (ethylenediamine-tetraacetic acid) to assess the potential effect of organic components on solubility.
-Measurement of Properties for Saturated Solutions: Saturated solutions from the precipitation tests at 52-55 o C were filtered at room temperature (after settling overnight) and the filtrate was analyzed for acidity, cation concentrations (ICPES and AA), anion concentrations (IC), heat capacity, liquid density, thermal conductivity, and viscosity. Solids were analyzed by x-ray diffraction to determine the type of precipitate formed. Saturated solutions from the precipitation tests at 20-22 o C were analyzed for liquid density and viscosity; the solutions were allowed to settle, but were not filtered.
-Simulant Physical Property Measurements: Following the determination of the saturation conditions for the various simulants, intermediate concentration samples were prepared that represent process conditions during evaporation prior to saturation. Four cesium eluate simulants based on the cesium eluate derived from ion exchange treatment of waste samples (AZ-102, AN-102, AN-103 and AN-107) were evaluated at 20%, 40%, 60% and 80% of saturation. The physical properties of the solutions were analyzed for heat capacity, thermal conductivity, viscosity, and liquid density.
EXPERIMENTAL DESCRIPTION

DENSITY DATA MATRIX
3.1.1
Sample Preparation A matrix of samples was prepared using the proportions listed in Table 3-1. All components were mixed together in a 25-cm 3 volumetric flask, and water was added until the total volume reached the mark. All solids were allowed to dissolve in the flask. As needed, additional water was added to compensate for the volume loss when the solids dissolved. Some samples were prepared with slightly more solids than could be dissolved and were analyzed without filtering because the analytical instrument is capable of handling small amounts of solids. The solids were allowed to settle and the liquid sample was withdrawn from the top. Saturated solutions are noted in Table 3 -1 with a "*". 
Analysis Method:
The samples from the matrix were analyzed using an Anton-Paar DMA 4500 density meter. The density meter is accurate to 0.0001 g/cm 3 . Prior to analyzing samples, the instrument calibration is verified using deionized water. Additional checks are performed using a 28 wt% NaNO 3 solution in water. The samples are injected into the instrument, the instrument adjusts the sample temperature to 20 o C, and the sample is analyzed. Samples are periodically re-analyzed to confirm that the results can be duplicated. Some samples were analyzed at 55 o C, and the data is presented in 
SOLID MATRIX PREPARATION
A matrix of solid samples was prepared using the proportions listed in Table 3 -2. To evaluate the effect of the various salts on solubility, the ratio of salts in the matrix represent the approximate ratios of salts observed in cesium eluate from ion exchange tests using actual tank waste, as well as those ratios proposed as part of the statistically-designed matrix. The ratio of salts selected was based on an analysis of the available cesium eluate data. 3 The salts are individually weighed on a calibrated balance and added to a sample bottle. When necessary, the salts are first ground using a mortar and pestle. After each component is added, the bottle shaken to distribute each component throughout the bottle. Because the concentrations of Cu, Mg and Zn in AZ-102 are sufficiently low to make it difficult to evenly distribute their solids throughout the matrix, Cu, Mg and Zn were omitted from the AZ-102 matrix for these tests. Although there is no way simple way to guarantee that the solids have been intimately mixed, visual inspection of the matrices and subsequent data indicate that adequate mixing of the solids has occurred. A known volume and concentration of HNO 3 (3-5M) was added to the test vessel. The test vessel is designed with a chilled headspace to minimize acid or water evaporation. The vessel was sealed and the nitric acid was stirred and heated to 52-55 o C at atmospheric pressure. Periodically, the vessel was opened, and solids from the mixed batches were incrementally added to the nitric acid and allowed to dissolve. The solubility limit was identified as that point when solids did not dissolve after 30 minutes in contact with the heated acid. The acid was then cooled to 25 +0/-5 o C overnight and additional precipitates were allowed to form. This provides one approximation of the storage condition solubility and helps define the difference between solubility during evaporator operation and solution storage. The solids were filtered at room temperature and analyzed using x-ray diffraction (XRD). The liquid was analyzed for density, viscosity, heat capacity, thermal conductivity, metal content (ICPES), and free/total acid (autotitrator). For physical property measurements, the temperature of analysis is included later in the report.
EFFECT OF ORGANIC COMPOUNDS ON SALT SOLUBILITY AT 55 o C
The solubility tests were repeated in the presence of oxalate, added as oxalic acid, and the complexant EDTA (ethylenediaminetetraacetic acid), added as Na 2 -EDTA. The objective of the tests is to develop a qualitative understanding of how organic components might affect ionic solubility. The CNTR-A (Table 3 -2) composition was used with the organic compounds because it represents a statistically centered composition for all of the solubility testing. The CNTR-A composition was mixed with oxalic acid to produce mixtures containing the equivalent of 100 mg/L, 200 mg/L, and 500 mg/L oxalate. The CNTR-A composition was also mixed with Na 2 -EDTA to yield a mixture containing the equivalent of 500 mg/L EDTA. The salt weights for these test matrices are listed in Table 3 -3.
Testing with DBP (dibutylphosphate) was conducted by adding DBP to the liquid prior to dissolving the CNTR-A solids. Three different liquid concentrations were evaluated, 175 mg/L, 350 mg/L, and 700 mg/L in both 3M HNO 3 (nominal) and 5M HNO 3 (nominal). The solubility was tested at 52-55 o C by dissolving the CNTR-A solid matrix into the different liquids in the manner discussed in Section 3.3. 
SOLUBILITY DETERMINATION AT 20 o C
Experiments, similar to the solubility experiments conducted at 52-55 o C, were performed at ambient temperature (approx. 20 o C). A known volume and concentration of HNO 3 (3-5M) was added to the test vessel. The vessel was sealed and the HNO 3 was stirred at atmospheric pressure. Periodically, the vessel was opened, and solids from the mixed batches were incrementally added to the nitric acid and allowed to dissolve. The solubility limit was identified as that point when solids do not dissolve after 30 minutes in contact with the acid. This approximates the storage condition solubility. The solids were allowed to settle overnight and the liquid sample was withdrawn from the top. The filtrate was analyzed for density, viscosity, and heat capacity. The samples were analyzed without filtering because the analytical instruments were capable of handling small amounts of solids. The concentrations of metals and acid were determined by calculations based on weight of acid at the beginning of the test, the total amount of solid added during the test, and the final density of the solution at the end of the test.
INTERMEDIATE COMPOSITION IDENTIFICATION
With solubility at room temperature defined experimentally for each matrix from the above tests, it was possible to perform mass balance calculations to predict when solubility is reached during evaporation of each matrix. With the solubility point defined, it is also possible to define solution compositions that represent 20%, 40%, 60% and 80% of the solubility limit. These mass balance calculations were performed for cesium eluate solutions generated from the treatment of tanks wastes (AZ-102, AN-102, AN-103, and AN-107) assuming semi-batch operation, a constant acid concentration in the overheads, and a starting acid concentration of 7.25M. Table 3 -4. Once prepared, the solutions were analyzed for density, viscosity, thermal conductivity, and heat capacity. 
DISCUSSION OF RESULTS
DENSITY DATA MATRIX
The density data for all tests are listed in Table 3 -1, Table 4 -1, and Table 4 -2. Also included in the tables is a calculation of weight of dry solids per cm 3 total liquid. Duplicate sample measurements (Attachment 1) show typical repeatability within +/-0.0002 g/ cm 3 . Analyses of water and 28.00 wt% NaNO 3 in water confirm the accuracy of the instrument calibration.
The collected density data show a strong linear relationship with total dissolved acid plus salt. A plot of the data from the sample matrix (Table 3 -1) and solubility test data from Table 4-1and Table 4 -2 are shown in Figure 4 -1. This type of behavior is expected, but the agreement of the solubility data with the general trend lends credibility to the data. Aluminum is specifically indicated in Figure 4 -1 because the data does not readily follow the trend of the rest of the data. An effort to examine the data in greater detail shows more specific effects and suggests that allowances in the calculations need to be made for acid and aluminum concentration. It is important to note that the data labeled Figure 4 -1, it was observed that there were 10 data points noticeably below the linear regression line. Of the 10 points, eight of them represent all of the high aluminum tests for the matrix composition tests (the 3M and 5M acid tests for MTX-1, MTX-4, MTX-5, and MTX-7). The other two data points are cesium eluate simulant tests, both which have relatively high levels of aluminum (the 5M acid tests for AN-102 and AN-105).
It is unclear at this time why the other AN-102 points (at 3M and 4M acid) are not above the line. Separating the high aluminum simulation data points from the other simulation points yields two lines running parallel to those drawn using the data from Table 3-1. The difference between the high aluminum simulant points (red line) and the other simulant points (blue line) is noteworthy.
4.1.1.3
Alkali Cation Effects: A similar treatment of the data can be made for the alkali metals. Figure 4 -3 shows the comparative effects of acid, sodium, potassium and cesium. The acid and potassium data (R 2 = 0.9982 and 0.9922, respectively) exhibit strong linearity while the cesium and sodium data exhibit slightly more scatter (R 2 = 09832 and 0.9739, respectively. A preliminary explanation for the presence of the parallel lines in Figure  4 -2 and Figure 4 -3 is likely to involve ionic charge density as well as how tightly specific cations bind water and nitric acid. However, a specific understanding of the behavior is not clearly defined. The causes of this difference will be discussed in the section dealing directly with solubility data.
Statistical Treatment of the Data
When the cesium eluate simulant data were treated with the JMP statistical design software 4 , the effects of the different cations became better quantified. Because of the number of data points available, only linear effects could be estimated. 5 Although determining a solution's solubility is a function of the total amount of salt added to a liquid, it is important to note that the use of linear parameter estimates in no way attempts to chemically describe the intricacies of how each component affects total density. Rather, parameter estimates provide a simple mathematical tool based on experimental data for estimating solubility using known quantities of salt and acid. The use of the equations should be limited to the range conditions in the experimental data.
Parameter estimates for each of the seven major variables can be multiplied with the cation mole percent values to obtain an estimated density.
6 The calculation to estimate density is performed in the following manner:
Estimated Density = Σ (cation density parameter estimate) i (cation mole percent) i
The parameter estimates, density calculations, and comparison with measured data are listed in Table 4 The parameter estimates from the 20-22 o C data in Table 4 -2 were also calculated and are in Table 4 -3 for comparison. The values are similar to those calculated using the 52-55 o C data. The two major components, sodium and hydronium ions, are almost identical for the two data sets. As a result, the density estimates for both parameter sets show good agreement. For comparison, the worst value shows a 2.97% difference between the measured and calculated values with an average absolute percent difference for all [20] [21] [22] o C points of 0.98%
It should be noted that percent difference is calculated using water as the standard reference point because the calculations assume that the salts (including HNO 3 ) are dissolved into water. 
SOLUBILITY DATA
Individual Cation Solubility
Based on data in Table 3 -1, it is possible to approximate the room-temperature solubility limits for certain salt-HNO 3 -H 2 O systems. In particular, the matrix targeted NaNO 3 , KNO 3 , and CsNO 3 . Density plots as a function of NaNO 3 , KNO 3 , and CsNO 3 versus HNO 3 concentrations are shown in Figure 4 -4, Figure 4 -5 and Figure 4-6; the data is contained in Table 4 -4. The linear plots for the unsaturated samples are then extrapolated to the saturation density (red points in each figure) and the corresponding salt molarity is read from the chart to approximate the solubility limits for each system. The approximated solubility limits based on the linear extrapolations are listed in Table 4 -5. Some of the density data were developed as part of an effort to quantify the individual solubilities of NaNO 3 , KNO 3 , and CsNO 3 in HNO 3 -H 2 O experimentally. The approximated solubility information contained in Table 4 -5 is plotted in Figure 4 -7. When SRTC approximate sodium solubility data is plotted with literature data, excellent agreement is exhibited between the two data sets Figure 4 -8. The behavior of cesium and potassium, in comparison to that of sodium, is different than what was expected. Typical predictions have the solubility of cesium and potassium gradually decreasing with acid concentration in a manner similar to that of sodium. However, while the absolute solubility values may have a few percent error associated with them, it should be noted that additional samples of the saturated cesium and potassium salts were prepared to confirm the observed behavior.
A first attempt to explain the observed behavior involves performing a curve fit to the sodium data and extrapolating that curve. The calculated curve, when extrapolated, shows sodium nitrate solubility passing through a minimum near 10M nitric acid. However, preliminary experimental work in 10M and 12M HNO 3 contradicts the mathematically extrapolated data for sodium nitrate. 
Multiple Cation Solubility
Solids Formation:
For each experiment at 52-55 o C, a large amount of precipitation occurred when the solution saturated at 52-55 o C was cooled to room temperature (20-22 o C). Samples of the precipitate were analyzed using XRD. The types of solids identified for each matrix composition is shown in Table 4 -6 along with the weight percent and mole percent ratios in the initial solid feed that was dissolved. The quantities of solids are broken into three categories: >10%, 1-2%, and <1%. The only precipitate appearing above 2% was sodium nitrate, and it was the dominant precipitate for all experiments. Trace amounts of precipitate were found in AN-103 (Cs), MTX-1 (Al), MTX-7 (Al). Approximately 1% cesium nitrate was identified in the AZ-102 precipitate.
4.2.2.2
Data Integrity: The next area of discussion for the solubility data is the quality of the experimental method and the subsequent data. A review of the data indicates that the variability within the experimental method is acceptably low. Two identical center point compositions (CNTR-A and CNTR-B) were incorporated into the study to assess the experimental method. The available data for both samples (total dissolved solids, composition at 20 o C, density, and heat capacity) exhibit excellent concurrence (see Table 4 -1, Table 4-7and  Table 4 -8). Therefore, these data lend credibility to the method.
A separate examination of the data demonstrates the integrity of the analytical data. Apart from standards that have been analyzed containing known compositions of sodium, potassium, cesium, and HNO 3 , a comparison of the soluble salt compositions with the starting composition also shows good agreement. Table 4 -9 lists a comparison between the feed composition and the saturated salt composition for each matrix after the test solutions had been cooled from 55 o C to 20 o C. Table 4 -9 clearly confirms that sodium nitrate was the dominant precipitate for each sample tested. Table 4 -10 reviews the data from Table 4-9 excluding the presence of sodium because the sodium percentage in solution has been reduced by precipitation during cooling. With the sodium removed from the feed composition and the sample analyses, the percentages of the other cations in the feed can be compared against the analyzed values. An examination of Table 4 -10 shows that, in the absence of sodium nitrate, the analytical results have very good agreement with the feed composition. Therefore, it is possible to have confidence in quality of the cation data and the XRD results that show sodium nitrate as the dominant precipitate.
Soluble Solids Concentrations:
During the experiments at 52-55 o C, the point of precipitation was readily identified. Furthermore, the total acid at the start of the test was measured, and the total amount of solids added to the system during the test was also measured. Assuming minimal liquid losses due to evaporation (because of the cooled vessel headspace) and uniform distribution of components within the solid matrix dissolved, the concentrations of salts in solution at the precipitation point can be calculated for each test. The data in Table 4-9 and Table  4 -10 indicate that the assumption of uniform solid distribution within the solid matrix is valid.
The relative weights are listed in Table 4 -7. Table 4-7 also lists a calculation of the total dissolved solids (acid plus salt) per total cm 3 water in the system (accounts for water in the HNO 3 at the start and water from hydrated salts added to system). Total dissolved solid as a function of system volume could not be reported for this set of tests because the density was not measured at 52-55 o C.
After precipitation, the solutions were cooled to room temperature (20) (21) (22) o C). The precipitates (discussed 4.2.2.1) were filtered and the filtrates were analyzed. Results from ICPES, AA, free acid, total acid, and density are listed in Figure 4 -1. It is worth noting that the apparent density shift caused by aluminum for the 52-55 o C tests (red line in Figure 4 -2) is not noticeable for the 20-22 o C data (Figure 4-1 ).
The differences between Table 4 -1 and Table 4 -2 are not surprising when considering that a significant amount of sodium nitrate, which is the least soluble of the components in the matrices, precipitated out prior to the measurements taken for Table 4 -1. The logical consequence of sodium nitrate precipitation (removal of a large amount of the least soluble component) is that the overall solubility of that particular solution will increase, thereby increasing the total salt dissolved per unit volume. As a result, it is reasonable that the solubility and density values of Table 4 -1 are somewhat higher than the corresponding data in Table 4 -2. 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 Quantity of Nitrate Precipitate >10% Na Na Na Na Na Na Na Na Na Na Na Na Na Na Na 1-2% Cs <1% Al Al Cs 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 Quantity of Nitrate Precipitate >10% Na Na Na Na Na Na Na Na Na Na Na Na Na Na Na 1-2% Cs <1% Al Al Cs 
MOLE PERCENT
4.2.2.4
Statistical Analysis of Multiple Cation Solubility Data: When the cesium eluate simulant data were analyzed with the JMP statistical design software, individual component effects become better quantified. The first data set analyzed was taken from the tests when dissolution occurred at 52-55 o C and then the samples cooled to form precipitates. Because of the number of data points available, only linear effects could be estimated.
Parameter estimates were developed for each of the seven major variables as a function of cation mole percent. The combination of salt plus acid is used because, as shown in Section 4.2.1 and Figure 4 -7, the presence of nitric acid reduces the solubility of sodium nitrate (the major component), in a near-linear manner. It is important to note that the use of linear parameter estimates in no way attempts to describe the intricacies of solubility theory in a way similar to a complex computer model. Rather, parameter estimates provide a simple mathematical tool based on experimental data for estimating solubility using known quantities of salt and acid. The use of the equations should be limited to the range conditions in the experimental data. The calculation provides an estimate of dissolved salt plus acid per cm 3 water.
When treating all 35 data points together, without discriminating against acid, linearity predicts about 81% of the variability. When the samples that are nominally 3M in HNO 3 are separated from those that are nominally 5M in HNO 3 , the data show better linearity. For the 15 samples at 3M acid, linearity predicts 96% of the variability; at 5M acid, linearity predicts 98% of the variability. However, when these linear equations are applied to the tests involving dissolution at 20-22 o C, the agreement between calculated and measured values is typically off by 10-20%. The reason for the disagreement is because the 20-22 o C samples have higher acid (8-12 mol% higher) and lower sodium (5-8 mol%) concentrations. The cause of these differences was discussed in the previous section.
The data taken at 20-22 o C should be more representative of the expected storage conditions because the evaporation process will be stopped at 80% of the room temperature solubility. When the 20-22 o C solubility data were analyzed with the JMP statistical design software, the effects of the different cations became better quantified. 7 Because of the number of data points available, only linear effects could be estimated. 8 The parameter estimates, solubility calculations, and comparisons with measured data are listed in Table 4 -11 for the [20] [21] [22] o C data. Parameter estimates for each cation can be multiplied with the associated cation mole percent values and added together to obtain an estimated density.
Estimated Solubility = Σ (cation solubility parameter estimate) x (cation mole percent) x The data show good agreement for a linear model between calculated values and measured values. According to the JMP software, a linear correlation can accurately account for 83.6% of the variability in the data. The worst value in Table 4 -11 shows a 3.49% difference between the measured and calculated values. The average percent difference for all simulant data points is 0.97%. It should be noted that the software identified the 4.73% difference value for the CNTR-A, 3M HNO 3 sample as being a bad data point. As a result, it is not factored into the statistical conclusions drawn from the data in Table 4 -11.
It is also important to clarify that the linear model for solubility is limited to a calculated acid range of approximately 2.0-4.5M. The performance of the linear model at lower acid concentrations is uncertain. However, as larger amounts of water become available at lower acid concentrations, it is expected that the solubility behavior for the specific matrices will begin to diverge. 
Effect of Organic Compounds on Salt Solubility
The presence of oxalate and EDTA both exhibited significant negative effects on salt solubility (Table 4- 12) . The effect of oxalate was the more pronounced of the two. The addition of 500 mg/L oxalate into the CNTR-A matrix reduced the total matrix dissolved per cm 3 of water by 50% for both 3M and 5M nitric acid. The presence of 500 mg/L EDTA reduced solubility by 24% in 3M HNO 3 and by 42% in 5M HNO 3 . It should be noted that the units of dissolved matrix per cm 3 of water differ from other places where solubility is reported in grams per total volume. The necessary data are not available to report the solubility in grams per total volume.
While the effect of oxalate on solubility is greater than that of EDTA, the presence of oxalate may be less problematic from an operations perspective. When oxalate begins to precipitate from these solutions, only trace amounts of very fine solid form. Attempts to filter the sample and analyze it were unsuccessful because of the small amounts of precipitate even after the liquid had been allowed to cool from 52-55 o C to room temperature. The solutions containing EDTA behaved in a manner similar to the other 52-55 o C solubility tests. When the solutions were cooled, large amounts of precipitate formed. Analysis by XRD was unable to directly identify the compound that precipitated. However, the diffraction pattern was compared against the diffraction patterns of all other nitrate salts that might be present, and no matches were observed. Furthermore, since EDTA is one of only a few components in the solution that could create the amount of solids observed, it is expected that the solid is a derivative of EDTA.
Similarly, the presence of DBP greatly reduced solubility. In both 3M and 5M acid and a liquid concentration of 700 mg/L DBP, the addition of the first 1.4 grams CNTR-A solid immediately produced a precipitate. Without DBP present, 3M acid required 21.0 grams under similar conditions to yield a precipitate while 5M acid needed 15.6 grams (a greater than 95% reduction in solubility for both tests). When 3M and 5M acid had only 350 mg/L DBP, both solutions yielded a precipitate at the addition of the first 1.4 grams of CNTR-A solid. When the DBP concentration in the liquid was reduced to 175 mg/L, 3M acid precipitated after 2.1 grams of solid addition (90% reduction in solubility) while 5M acid precipitated after 6.1 grams of CNTR-A solid addition (61% reduction).
The data clearly show that some organic components, if present in the cesium eluate, can affect solubility. However, insufficient data exist to identify specific compounds that are present in the eluate in high enough concentrations to be of concern. The use of DBP, oxalate and EDTA represent three compounds with a reasonable probability of being in the eluate at measurable quantities. They also indicate that other organic species may have similar effects. As better organic data become available, additional solubility tests need to be performed using the appropriate organic compounds. 
PHYSICAL PROPERTY DATA OF SATURATED SOLUTIONS
Physical property data were collected on many of the saturated solutions generated at both 20- Table 4 -8. For simplicity, only the values for heat capacity and viscosity at 50 o C are included in the table. All of the thermal conductivity is shown in Attachment 2 and the multiple-temperature viscosity data is listed in Attachment 3. Thermal conductivity is determined from the heat capacity data measured over the range of temperatures.
A discussion of density response as a function of total dissolved salt plus acid was provided above. It is expected that dissolved salt and acid content would affect heat capacity in a manner similar to density. When heat capacity is plotted against density (Figure 4-9) , the graph shows good linearity with two scattered points. A closer examination of Figure 4 -9 indicates that the scatter is likely due to experimental error. For example, MTX-8 in 5M acid is well above the trend line while MTX-8 in 3M acid is well below the trend line. A second analysis of both MTX-8 samples confirmed the results. Other data listed in Figure 4 -9 had exhibited significant scatter, but re-analysis brought those points in line with the expected behavior. With the omission of the MTX-8 data, the linear data fit yields an R 2 value of 0.724.
A comparable plot of heat capacity versus dissolved acid and salt concentration (Figure 4 -10) exhibits more scatter than Figure 4 -9. Without the MTX-8 data, the linear data fit produces an R 2 value of 0.610. While heat capacity shows good agreement with dissolved acid/salt content using a linear model, density provides a much more linear measure of acid/salt content. o C) is added to the plot, it seems reasonable to draw a line from water through the other data. However, apart from the data point for water, the data from Table 4-8 and Table 4 -13 a linear fit of the data produces a different trendline.
Solution viscosity as a function of dissolved acid and salt follows a linear trend comparable to those of density and heat capacity (Figure 4-11 o C are included for heat capacity and viscosity. Additional viscosity data is included in Attachment 3. Additional heat capacity data is included in Attachment 4. It should also be noted that a saturated sample for AN-107 (AN-107-100) has been created because the calculations show precipitation occurring at an acid concentration well outside the range of the experimental data. The density data that have been collected exhibit linearity comparable to the data in 
CONCLUSIONS
A large body of experimental data has been collected for the cesium eluate evaporation system. The data helps confirm and supplement ongoing modeling activities. Duplicate samples, repeat experiments, and correlations of the data suggest that the experimental methods are reliable. The results show that linear models do a very good job predicting solution density over a wide range of acid and dissolved salt concentrations. Typical calculation errors are on the order of 1-3%. The linear behavior of heat capacity and viscosity as a function of dissolved salt and acid content is clearly present from plots of the data, but attempts to produce an effective linear model will likely be limited by the accuracy of the analytical technique.
Linear models with the 20-22 o C data also do a good job of predicting solution solubility at room temperature over a calculated acid concentration range of 2.0 to 4.5 molar. Linear models account for 84% of the variability in solubility as a function of changes in the individual component concentrations. Typical calculation errors are on the order of 1-4%. The primary non-linear affect may be caused by difference in the way HNO 3 binds with H 2 O at difference HNO 3 concentrations. Some indication of this behavior is seen in the solubilities of cesium and potassium in nitric acid as a function of acid concentration. The performance of the linear model at lower acid concentrations is uncertain. However, as larger amounts of water become available at lower acid concentrations, it is expected that the solubility behavior for the specific matrices will begin to diverge.
Linear models developed with 52-55 o C data do not do a good job of prediction room temperature solubility behavior. The agreement between calculated and measured values is typically off by 10-20%. The reason for the disagreement is because precipitation upon cooling causes the data from the 52-55 o C solubility tests to have much higher acid concentrations (8-12 mol% higher) and lower sodium concentrations (5-8 mol%). Analyses of the precipitates using XRD from the 52-55 o C solubility tests show that sodium nitrate is always the dominant solid (>98%) and almost always the only detectable solid.
The presence of DBP, oxalate and EDTA all exhibited significant negative effects on salt solubility. The effect of DBP was the most pronounced of the three. The presence of 350-700 mg/L DBP in the dissolution liquid reduced the solubility of the CNTR-A solid matrix by more than 95% for both 3M and 5M HNO 3 experiments. The addition of 500 mg/L oxalate into the CNTR-A matrix reduced the total matrix dissolved per cm 3 of water by 50% for both 3M and 5M nitric acid. The presence of 500 mg/L EDTA reduced solubility of the same matrix by 24% in 3M HNO 3 and by 42% in 5M HNO 3 .
ISSUES & RECOMMENDATIONS
The linear models developed for estimating density and solubility show promise as simple tools for predicting and controlling cesium eluate evaporator operation. Knowledge of the eluate concentrations being fed to the evaporator could be used to predict evaporation endpoint. The density estimates can then be used to determine when the endpoint is reached during actual operations. Testing with simulant eluates at SRTC will help evaluate the value of the two models.
The density data package is quite extensive and covers a wide range of component compositions. The solubility data package is much more limited to an acid concentration range of 2.0-4.5M. Based on data developed as part of other efforts, attempts to use the solubility model at lower acid concentrations may produce estimates with as much as 9% error near 1.0M for one matrix composition. Additional testing would be needed to use the model for 1.0-3.0M acid.
A significant unknown in the test program is the identity and concentration of organic compounds that might be contained in the cesium eluate. If present in quantities greater than 100 mg/L, certain organic compounds can have large negative effects on overall solubility. Not only will these greatly reduce the effectiveness of eluate evaporation, they will also invalidate the use of models based solely on ionic species. There is a great need to develop more conclusive organic data for the cesium eluate evaporation program if it is to generate a product that is of value to the RPP WTP. Once additional data is available that identifies and quantifies the presence of specific organic compounds, a decision can be made regarding additional solubility testing.
Another issue developed during testing related to the initial test objectives. An element of the program was to test the effect of varying salt components and concentrations on vapor pressure. However, the presence of acid in the samples caused a reaction with the metal parts in the vapor space of the vapor pressure instrument. The reaction released NOx and caused the instrument to give false readings. Attempts to measure vapor pressures by an alternate method were unsuccessful. Since this data was only intended to supplement the OLI calculations, the omission of the vapor pressure data is not considered to be a significant issue. Furthermore, vapor phase pressures will be measured during the actual evaporation of simulated cesium eluate generated during pilot plant experiments. The subsequent data will be extremely valuable in assessing the OLI model's ability to predict vapor pressure behavior. 
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